pericytes. CD34 + adventitial cells developed in late embryonic thymus and in postnatal LNs and in the thymus originated, along with pericytes, from a common anlage-seeding progenitor population. Using lymphoid organ re-aggregate grafts, we demonstrate that adult CD34 + adventitial cells are capable of differentiating into multiple lymphoid stroma-like subsets including pericyte-, FRC-, MRC-, and FDClike cells, the development of which was lymphoid environment-dependent. These findings extend the current understanding of lymphoid mesenchymal cell heterogeneity and highlight a role of the CD34 + adventitia as a potential ubiquitous source of lymphoid stromal precursors in postnatal tissues.
INTRODUCTION
Lymphoid organs, such as the thymus and lymph nodes (LNs), play essential roles in the development and functionality of the adaptive immune system. Accordingly, the thymus is the major site of T cell development while LNs support naive T and B cell survival, facilitate their encounter of antigens, and aid in the regulation of effector T and B cell responses. While these functions critically depend on the activity of specialized stromal cell populations, including cells of mesenchymal origin, our understanding of mesenchymal subset specialization and ontogeny in lymphoid tissues remains limited. In LNs, CD45 in the LN paracortex and contain cells expressing CCR7 ligands (CCL19 and CCL21), IL-7, cholesterol 25-hydroxylase, and B cell activating factor (BAFF) and have been implicated in supporting the homing/migration/survival of T cells (Chang and Turley, 2015; Girard et al., 2012; Link et al., 2007; Yi et al., 2012) . In contrast to FRC, FDC and MRC express high protein levels of CXCL13 (Katakai et al., 2008) . FDC represent a B cell follicle-resident population, selectively expressing complement receptor CR-1 (CD35) and CR-2 (CD21), that support B cell follicular organization and germinal center reactions (Wang et al., 2011) while MRC are characterized as a population of mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1) and receptor activator of nuclear factor kappa-B ligand (RANKL) expressing cells of unclear immunological function located underneath the LN subcapsular sinus (Katakai et al., 2008) . Similar to LNMC, thymic mesenchymal cells (TMC) have been implicated in a range of immunological processes including support of early thymus organogenesis (Gordon and Manley, 2011) , regulation of thymic epithelial cell (TEC) homeostasis Sitnik et al., 2012) , and thymocyte egress (Zachariah and Cyster, 2010) . TMC are located in the capsule and surrounding the vasculature of both thymic cortical and medullary regions, with some displaying pericyte morphology in situ (M€ uller et al., 2008) . Several phenotypic markers have been utilized to identify and/or isolate TMC, including platelet-derived growth factor receptor a (PDGFRa) and platelet-derived growth factor receptor b (PDGFRb) (Gray et al., 2007; Odaka, 2009 ), PDPN (Sitnik et al., 2012 , and Ly51 (M€ uller et al., 2008) , however, whether the TMC compartment consists of functionally distinct subsets as well as the functional and developmental relationship between TMC and LNMC subsets remain unknown.
While our knowledge of LNMC and TMC heterogeneity remains limited, even less is known regarding the ontogenic development of these cells. During thymus organogenesis, PDGFRa mesenchymal cells form an organ capsule around the thymic epithelial anlagen as it detaches from the third pharyngeal pouch endoderm at E12.5 (Gordon and Manley, 2011) followed by migration inside the epithelial core by E13.5 (Mori et al., 2010 
RESULTS

Phenotypic and Global Gene Expression Profiling Identifies Similar and Distinct Stromal Subsets between the Thymus and LNs
To gain a better understanding of the heterogeneity and function of mesenchymal stromal cells in lymphoid organs, we compared mesenchymal cell subset composition in digested thymic and pooled inguinal, brachial, and axillary LNs from 6-to 9-weekold mice by flow cytometry. In both the thymus and LNs, a major fraction of CD45 Gene sets associated with vascular smooth muscle cell (VSMC) contractility (Malhotra et al., 2012) and pericyte identity (Armulik et al., 2011) were highly expressed by PDPN À compared to PDPN + TMC and LNMC ( Figure 2D ), which correlated with the specific detection of high levels of a-smooth muscle actin, aSMA in a proportion of these cells ( Figure 2E ). Thus, PDPN À TMC and LNMC appear to contain both contractile and non-contractile pericytes. PDPN À TMC and the majority of PDPN À LNMC, but not PDPN + , populations also expressed endothelial cell-selective adhesion molecule-1, Esam-1 (Figures 2D and 2F) . Analysis of the remaining BP-3 À PDPN + LNMC and TMC subsets demonstrated that these cells expressed highest levels of CD34 (Figure 2G ), a sialomucin expressed by mesenchymal adventitial cells in human arteries and veins (Corselli et al., 2012 Figure 2H , arrowheads). In agreement with previously reported distribution Figure S3 . ( Figure 5D ). mice also displayed reduced ICAM-1 expression indicative of a maturation defect ( Figure 6F ). Together, these results suggest that LTbR signaling is required for the maturation of the CD34 + TMC compartment. ICAM-1 hi VCAM-1 + PDPN + TMC and ICAM-1 expression on these cells was unaffected in Rag1 À/À mice (Figure 6G ), indicating that DP and SP thymocytes were not a key source of LTbR ligands regulating CD34 + TMC homeostasis.
DISCUSSION
Studies assessing the phenotype and heterogeneity of lymphoid mesenchymal cell compartments have relied heavily on in situ immunohistochemical analysis, and our understanding of the subset composition and specialized function of LNMC and TMC remains far from complete. Here, by combining detailed flow cytometry and global gene expression analysis in combination with in situ localization studies, we performed a comprehensive analysis of the mesenchymal subset composition in LNs and thymus that we believe provides an important framework for assessing mesenchymal functional specialization and for the interpretation of prior genetic reporter and Cre-mediated deletion strategies. Prior flow cytometry analysis of LNMC has suggested that PDPN + LNMC contain MAdCAM-1 + MRC, CR1/CR2 + FDC and MAdCAM-1
À FRC (Malhotra et al., 2012) . Consistent with these findings, we demonstrate that all three subsets are present within the PDPN + fraction of LNMC, with FRC positively identified by their expression of intracellular CCL21, and these populations can be collectively distinguished by their co-expression of BP-3. While BP-3 + PDPN + cells were absent from the TMC compartment, we identified two mesenchymal subsets common to both the thymus and LNs; a PDPN + pericytes expressed a distinct array of endothelial regulatory and angiogenic factors suggesting that these subsets play partially non-redundant roles in supporting vascular endothelial cell homeostasis in these tissues.
Utilizing kidney capsule transplantation of spiked lymphoid organ re-aggregates, we provide evidence that adult CD34 + adventitial cells at a population level are capable of giving rise to multiple lymphoid stroma-like subsets. These results are consistent with prior observations that adult adipose-derived PDGFRa + PDPN + stromal cells generate MAdCAM-1 + progeny as well as ERTR7 + FRC-like networks in transplanted LN reaggregate grafts (Bé né zech et al., 2012), and adult PDGFRb + adipose-derived cells give rise to CR1/CR2 + FDC-like cells following grafting and immunization (Krautler et al., 2012) . Phenotypic and functional equivalents of LNMC subsets arise ectopically in multiple adult organs as part of organized tertiary lymphoid organs (TLO) that develop in association with chronic inflammation and cancer (Neyt et al., 2012) . While the identity of the mesenchymal TLO precursors remains unclear, our findings suggest that CD34 + adventitial cells may be a potential source of TLO stromal progenitors in extra-lymphoid tissues. Indeed, lymphoid neo-genesis is observed in association with blood vessels in lungs of patients with idiopathic pulmonary hypertension (Fletcher et al., 2011; Gonzalez et al., 1998) . These results also suggest that a lack of a particular T and/or B cell subset cannot alone account for the absence of BP-3 + PDPN + cells in the thymus and in RTOC grafts. We speculate that the differential generation of BP-3 + PDPN + cells in these organs could be additionally promoted by the presence of specific inhibitory factors. In this regard, it is of interest to note that progressive reduction in TEC, as occurs in FoxN1-Cre.Dicer fl/fl mice (Zuklys et al., 2012) , leads to thymic induction of a LN-like environment including generation of CD21 + FDC-like and ERTR7 + FRC-like mesenchymal networks in areas devoid of TEC.
Our studies on the kinetics of embryonic lymphoid tissue development suggest that CD34 + adventitial cells arise in the thymus in the late embryo and in the LNs postnatally. Further, we demonstrate in the thymus that these cells develop, along with pericytes, from PDPN + PDGFRb + /a + CD34 À/lo anlage-seeding mesenchymal precursors. Pericytes have been shown to originate from both mesoderm and neural crest (Armulik et al., 2011) , however, the developmental relationship of pericytes to other mesenchymal populations has remained unclear. Our findings suggest that lymphoid-associated pericytes do not arise from CD34 + adventitia during ontogeny but that the latter cells may contribute to pericyte turnover and homeostasis in postnatal tissues.
In conclusion, our comprehensive assessment of lymphoid stromal cell functional heterogeneity and ontogeny led to the identification of lymphoid CD34 + cells as a common constituent of the vascular niche, distinct from pericytes, FRC, MRC, and FDC and showed that CD34 + adventitial cells at the population level display lymphoid stroma-like progenitor potential. While future experiments are required to assess the multi-potent progenitor potential of individual CD34 + adventitial cells, we believe our findings provide an important framework for future studies assessing stromal subset functionality and ontogeny not only during the initiation of adaptive immunity but also in pathological settings such as cancer, obesity, vascular disease, and chronic inflammation.
EXPERIMENTAL PROCEDURES Mice
C57BL/6 mice, Rag1
À/À mice, Eyfp-Rosa26 mice (Srinivas et al., 2001) , and
Sox10Cre.Rosa26Eyfp mice (M€ uller et al., 2008) were bred and maintained at the Biomedical Centre Animal Facility (Lund University, Lund, Sweden). Ltbr À/À and Ltbr +/(+/À) mice were housed in the Biomedical Services Unit at the University of Birmingham, UK. Day of vaginal plug detection was designated as day 0.5 of gestation. All animal procedures were approved by the Lund/Malmö Animal Ethics Committee.
Flow Cytometry and Cell Sorting
Flow cytometry was performed with antibodies (Table S1) Immunofluorescence Staining Cryosections (7-8 mm) from snap frozen or paraformaldehyde-fixated tissues were stained with antibodies (Table S2 ) using standard protocols and as detailed in the Supplemental Experimental Procedures. EYFP expressing cells were identified following incubation with a polyclonal chicken anti-GFP antibody (Aves Labs) and Alexa488 conjugated donkey anti-chicken secondary antibody (Jackson ImmunoResearch). Images were acquired with LSM 750 confocal microscope and analyzed using ZEN software (both from Carl Zeiss MicroImaging). See also Figure S5 .
Cell Isolation
Cell suspensions of thymus, LNs, and RTOC/RLOC grafts were prepared with liberase TM (0.32 Wunsch U ml À1 , Roche Diagnostics) and DNase I (50 Kunitz U ml À1 , Sigma-Aldrich) as previously described (Sitnik et al., 2012) . For time course analysis of inguinal LN stroma, embryonic and early postnatal tissue was digested with collagenase P (1 mg ml À1 , Roche Diagnostics) and DNase I (50 Kunitz U ml À1 , Sigma-Aldrich) at 37 C for 45 min. Stromal cells were enriched by immunomagnetic depletion of CD45 + cells by MACS (Miltenyi Biotech) and thereafter stained with antibodies for analysis and cell sorting. Isolation of adipose tissue stromal vascular fraction (SVF) was performed as described (Church et al., 2014) with modifications. Briefly, subcutaneous adipose tissue was digested with liberase TM (0.32 Wunsch U ml À1 , Roche Diagnostics) and DNase I (50 Kunitz U ml À1 , Sigma-Aldrich) in high-glucose GlutaMAX-supplemented DMEM with 10 mM HEPES (Invitrogen) and 4% fatty acid-free BSA (Sigma-Aldrich) at 37 C for 55 min using an orbital shaker (350 rpm). The suspension was passed through a 100 mm nylon mesh filter (BD Biosciences), and the floating adipocyte fraction was removed by centrifugation at 400 3 g for 6 min. The resulting SVF pellet was sequentially filtered through a 70 mm and a 40 mm filter. ) and DNase I (50 Kunitz U ml À1 , Sigma-Aldrich) at 37 C for 45 min and resulting single-cell suspensions (5-7 3 10 5 cells per re-aggregate) combined with EYFP + cells as described above. Cell suspensions were then used to establish RTOC and RLOC as previously described (Bé né zech et al., 2012; White et al., 2008) , incubated in 5% CO 2 at 37 C for 1-2 days and grafted under the kidney capsule of 5-to 12-week-old wild-type female recipients.
RTOC and RLOC
Real-Time RT-PCR
For analysis of 2-week-old TMC subsets, total RNA was extracted from 5-7 3 10 4 sorted cells using RNeasy Micro Kit (QIAGEN), reverse transcribed with SuperScript III and a 1:1 mixture of oligo-dT and random oligonucleotide hexamers (all from Invitrogen). Quantitative PCR was performed using Maxima SYBR Green qPCR Master Mix (Fisher Scientific) in a MyiQ Single ColorReal-Time PCR detection System (Bio-Rad). Gene expression was calculated using comparative dC T method and normalized to Gapdh. Primer sequences are listed in Table S3 .
Microarray Analysis RNA was prepared from TMC and LNMC (pooled inguinal, brachial, and axillary LN) subsets sorted from 3 (TMC) and 10-11 (LNMC) 2-week-old mice per experiment. Isolated RNA from three individual experiments was amplified and prepared for hybridization to the Affymetrix Mouse Gene 1.1 ST Array in a genomics core facility: Center of Excellence for Fluorescent Bioanalytics (KFB, University of Regensburg, Germany) and analyzed as described in the Supplemental Experimental Procedures. 
Statistical Analyses
Statistical analysis was performed using unpaired two-tailed Student's test or two-tailed Mann-Whitney non-parametric test as indicated (*p < 0.05, **p < 0.01, ***p < 0.001).
ACCESSION NUMBERS
The accession number for the microarray data reported in this paper is NCBI GEO: GSE76974. 
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